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speeds.  Deaerated  0.9M  HaCl,  pH  B.2  at  299K  (250C)  . 


DISSOLUTIOS  Kimiics  OP  HDNEL  ALLOY  400 
IN  AQUEOUS  SOLUTIONS 

Sy 


bahaviorfl  bfiLav  and  aLova  1600  ravoluciona  per  minute  {rpm} . A nodal 
naa  been  proposed  that  provides  an  explanation  of  the  behavior  under 


I 


in  ths  alloy.  Precipitation  of  atacamite  CCuCl^  • ICuCOH}^)  on  the  aor- 


CHAPTEK  1 
INTSODUCnON 


«avater  la  covplax  oi 


c;^porta 


' materials.  The  knowledge  < 


ir  high  eoppsr  content  they  suffer  little  or  no  blofoullng. 
es  then  suitable  (or  applicatione  in  low  Telocity  and/or  atai 

e widely  preferred  for  high  seawater  veloelcy  applications  a; 
p li^llera,  propellers  and  in  hydrofoils.  However,  perform, 
iel-400  alloy  oould  be  seriously  coc^coiiiised  when  el^osure  coi 

ler  the  stated  conditions,  the  material  becomes  susceptible  b 
icing  attack.  Although  a great  deal  is  kno,m  regarding  elixir 


on  and  propagation  on  Honel-400  in 


c^iloride  igna  in  sgavdtgri  a study  in  was  nscussasy  ta  datexraine 

bahavigr  In  a non-ocaplexin?  enviremneDt.  among  tha  gensrad  objsctlvss 


Hie  electrochemical  behavicr  of  nickel  in  both  acidic  and  aikailne 


Anodic  potentiostaCic  current  Cl)-potential(V) 
profile  for  a previously  oxide  free  nickel 
eleotrode  in  pH  6.4  Ma^SO^solution  with  po- 

Meaeured  current  is  that  registered  at  the  and 


(2>U9/C|iu>|  I Bo< 


reported  to  oocur  prefereotiaUp  at  ?raic  boundariea.  At  potentials 


I 


nieksl  in  acidic  aelutlona  ia  catalyaed  by  Oh'  and  that  ch«  ovsrall 
rata  of  the  raacUon  ia  controlled  by  the  eoncancration  o£  cw'. 


poUatloBtatic,  potenticdynamle  &od  potaati&l  dacay  caduiiquas.  Qiay 


373K  (100‘ 


■Biey  rgportod 


dependijig 


■n  widely  reported.^  Ihe 
Aeuffieienc  et^ply  of  oxygao  t> 


elve  propartiee  ej 


. epproprlai;e  conditionj 


ron-conflguntion  U 


AppEoxlnate  confiosition 


alloys  in  flowing  seawstor  [Q’xli”  apociasns,  2/3 
isnsrssd  in  soawates  fot  497  days,  flow  valoeity 
1.5  - 3.0  fpsl.  (261 


Critical  and  paaaiva  contact  <3aaaltlas  for  Cu-Vi 
alloya  obtained  fren  potantiootatic  polarlaation 
curvaa  (noble  to  active}  in  -deaerated  in 


I 


alloys  containing  nc 


ccogioaitioD . TMy 


coCDpoaition  range  for  ninira 


I 


the  st«ady-Btate  potsndlal  in  tha  noble  direction 
Above  90%  nickel,  the  ateady-atate  potential 


Honel  la  a eolld  aolutlon  alloy  of  epproxlDately  70%  Ml  and  30«  Cu. 

Dill  alloy  haa  lean  a miltlpUclty  eS  applicatlona  not  only  In  aeawatar 


proceaeing  Induetrlaa,  etc.  Given  the  ljig>ortance  of  thla  alloy  and  Ita 


Only  a handful  of  pobllcatloha  relevant  to  fundairental  electcochaelcal 
corrosion  studies  are  available. niia  Is  not  to  say  that 


ability  to  atparate  and  inteatlqate  the  influonca  of  individual  aiqiari- 
oentai  variablea;  deduction  of  iMcnaniaoe  become  etora  difflouit.  Aa 


a neult,  and  aa  will  be  pointed  out  later,  deaplce  a long  hiatory  of 
uaaga.  toany  fundamental  igueationa  regarding  the  oorcoaion  behavior  of 


fig.  9). 


PoeettlodynaiiiB  anoaic  polaiiMtloB  c 
ailoy  400  In  aented  an> 


pitting 


exoBiiji«d  tha  vorpholo^  q£  olekal  alloys,  including  Monel,  In  Che 


i 


sU^a  of  pitting  on  Honel  ie  undnr  the  control  of  cha  action  of 
oxygen  concantratian  cell.  In  tioa,  the  accusuiated  concentration 


in  aaftwater  on  the  grounds  that  redeposition  of  copper  in  not 
favored  beeauae  nichei-copper  alloys  ore  slightly  sore  noble  then 


I 


bovndsrias  to  be  esoentially  pure  copper  vlch  little  or  no  niclcal. 


to  dealloylng  (denickelicetion?  ^en  teed  in  certain  enviroroeota . 
Ta>:aau  et  al.^^  analyzed  the  eurfaoe  of  electropolished  Cu-Hl 
alloys  using  auger  Electron  Spectroscopy  {A£S)  and  X-ray  Photoelectron 


Spec 


ratio  et  potentials  where  pitting  was  observed  revealed  slight  en- 
rlchaont  of  copper,  ^ey  suggested  that  Che  enrichnenc  probably 


wall  estaJslishod.^^'  Ihis  efCact  waa  first  raported  Id 


required  inecaaslnq  iron  csncenc  for  optinun  parfomanca  of  tha  alloy. 


ccmcainlng  3 volume  \ entrained  air  flowing  at  a velocity  of  15  fpa 
were  allowed  to  la^inge  on  the  epeclmans.  Os^gen  dafioient  oondltiona 


auflceptlhillty  of 


that  the  higher 


»aioy  th»c  conc»in«a  pracipitated  phuas.  Uiey  Indicated  that  quench 


docxocite  (PeOOB) 


they  goncloded  in 


Klyo«hi9*  ajid  Yaj&ane^^  used  pot«ntio-dynuue  Mthod  to  dotormino  cho 
affoet  of  torclary  alloyind  eleDanta  on  the  dieeolntloa  behavioz  of  oaaa 


nicaol-eoppar  alloys.  Ihey  also  reported  that  the  polerixetion  curves 
for  alloys  cootaining  Fe  and  Kn  were  slightly  different  froa  those  of 


Arnold. Although  some  eolutioni  wora  roported  early  In  this  cantory  for 


corroding  surface. Sonetioes  a new  and  stable  nodifled  alloy 


Although  the  pbanoDerton  o] 


yln9  wat  initially  ai 


aetrolyte  ahauld  b«  larqe. 


I7a) 

[Sal 


(Sal 


(nearly 


ISbl 


potential  of  topper  accordinq  to  reaction  (Sal  for  a given  Co  ion  conean- 
tration  ie  nore  noble  than  that  according  the  redepoaitlon  reaction  I5hl . 


[8b]  and. 


lishsd  electrode  pocantlal 


[abj. 


dapoflitic 


aaguectly . 


ei^loysd 


applic 
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caaPTER  III 
EXPERIHEIITAI 


3.1  Equipment  and  Hatariala 

Appendix  1 list!  the  major  axperlnental  eqoipmant  used  in  this 


electroehamital  call  and  other  electrochemical  equipment  used  in  this 


tadiniqua  eaployed  in  this  study.  Earlier  attempts  to  cathodically  pce- 


potaneiodynamic  polarisation  was  begun  in  tha  cathodic  region  at  potentials 


potentials 


pOM 


r«9lon. 


(SEM/HJX). 


Cral  alectrods  at  a fixad  praaalectad  petential  In  tha  anodic  region 


uaing  an  attoLic  absorption  spectrophotMetar  (Parkin  Elmar  Nodal  460) . 


>ly»l>.  Ihe  Teflon  seek  was  raesved  before 
1 into  the  analyeia  ebeiber  of  the  XPS 


apparatus^  The  theory  of  XPS  anelyals  is  sunaarisad  in  Appendix  S. 

A Kratos  x-ray  photoaleetron  spaetronetar  (Hodel  X-SW-800)  equipped 


Ttt%  ESCA  sp«ccxa  were  taken  for  Mi  2p,  Cu  2p,  Pe  2p,  Ma  2p,  cl  2p, 

0 Is  and  c is.  nie  binding  enarqy  scale  was  referenced  to  the  iaperity 


3.2.5  ftuqer  Electron  Soectrcsccbic  Analvala 

Per  this  exparlBant.  the  rotating  disc  elactroda  {PDE)  was  used, 


wea  avAcuaCed  to  a Atartiog  (Oaaa^ 


cqayoAitlon  aa  a 


develop  pood  corrosion  nocpbolopy.  llie  finable  wu  taken  out  oC  Che 
corrosion  cell,  dried  sjid  stored  in  a desiccator  until  it  was  needed  for 


oapnifloationa . Hicrographs  of  these  areas  were  obtained. 


sappingi  and  {11  single-element  line  scans. 


esg>loye 


djjsplay  syetelD  as  peaJu  corzaspondin?  to  coont  Isvals  for  apscific 
elananta  la  th«  analysed  saj^le.  elsJasnt  idsntlfioatlon  was 


•S  AND  DISCUSSION 


4.1.1  Linaar  Swa4p  Voltamnctry 


Sie  pot«nalal  sweep  race  was  S.3D  nV/iec.  die  volcaaeioocaiD  eahihlte 


Ca  (Ko&el)  -*  Cu  aq.  e a 
Cii  (Monel)  -*  Cu^*aq.  * a 
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till 
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[13] 


041 


products  of  rtsction  [12]  s 


roglon  detecuiue  the  onset  of  passivity  wl 


ondly,  Icnowledqe 


I faollitate  iinpleinental 


ectxoda . Plqur« 


Hon«l  at  -^150  bv  ia  radiicibla  os  oxidisablo  at  potantlala  abova  nV. 

\itb0u9b  this  axpesioent  has  indlcatad  that  soLobla  specias  vara 
indaad  qaoaratad  at  tha  eossodinq  HoasL-400  alactsoda.  tha  information 
from  tha  aieparimant  is  not  aaffiolant  to  parmit  Idantifloation  of  spaoifio 
spaoiaa.  A knovladga  of  tha  radoa  potantiai  for  each  spaciaa  ia  naaded  to 


The  radox  potantlais  for  poaeibla  soluble  dissolution 
datarmlned  in  separate  asparimanta  daacribad  in  Appendix  T 


I 


Table  2.  l^edox  PotbOtl&ls  of  Poasihla  Solublo  Anodic 


si/  potentic 


itral  olectrode  wi 


6prc»pcn:iopAtlon  raaetlon  to  forn 


unliXoly 


study  as  against  tha  ttaditioru 


Fig.  I7b  sstajjlishss  t] 


rig. 


Cu(0)  b6lcw  this  potential  region. 

dopositlon  to  <M(01  froo  cuCIl)  solutioiu  necessarily  requires 


inHally  containing  1 x 10 


DlutioM  i9  W9h  enough  tor  these  lone  Co  trevel  from  points  on  the 
sncral  electrode  where  they  ere  genereted  to  the  collector  electrode 


ifiOOrpa. 


difficulty. 


gessrusd,  are  difficultly  reducible. 

KssulU  of  an  InTestiyaClon  conducted  in  a nickel  eulfate  (NISO  I 


probably  qoee  into  lolutlon  during  electrodiisolution  in  a fora  other  than 
Hi  aq.  !Ae  strongeat  poeeibillty  ie  NION  vbich  hae  generally  been  re- 


Ni  (Honal) 


111) 


ecteoipc  wee 


*c  398*  (JSOcli  8 ■ e.33nV/« 


cgpcic  ions.  According  co  che  cable  of  radox  poeantlala  [Tabla  2], 


Fi?ur«  23.  Normalized  eollector  rinq  current  aa  a function  of 
electrode  rotation  apeed;  ■ -ISOmV,  Deaerated 


bj  ditect 


UjO  ot  hydroxyl  (OB  ) ioos.  CoosidorlnB  that  the  concentration  o£ 


higher  the 


ir  thicbwsa  and  tt 
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technique,  det«7TBinftd  th«t  the 


•orviholow  at  the  fUn  Oiey  eooeludea  thet  It  prtbehly  foraed  by 


tachrdque 


depth  settled  by  the  x-rays.  The  spaetruffl  ehevo  here  (Tig.  24} 


Shown  in  Pig.  26  is  the  ^ ^3  **4  g ^4  g Auger  electron  epectrua. 


surface  exposed  ti 


nia  m C2p1  spcctrun  pruent«d  in  £'19.  2S  ft  prinelfftl  pftftk 


(531.95  for  Hi(OB)j,  but  tUqhUy  higbet  than  that  taportea 


apart)  on  ahaka-up  aatellitaa  to  iOantify  Ki(OB)_  on  Honal'400  alloy^ 
and  lnconnl-500  alloy^*^^  corroded  In  high  pB  aquaoua  aolutions.  Tha 


principal  binding 


on«l-400  alloy 
pB  e.2,  at 


Mon«l*400  alloy  polarlsad  iji  the  passive  raplon  does  not  eppeer  Co  be 
eoaslstenc  vltb  theroodynajBic  considecetlon  (Potenciel  pH  dlegrae, 
Pig.  26) . HcXncyre  et  el,^^  found  no  elgnifieenc  oxidatian  products 


k alloy,  AlCboogh 


aXloy  eurfaca.  Iha  uae  of  thia  tachniqua  In  addition  to  the  XPS 
taehnique  appeare  to  bo  a duplication  of  teohniquee.  although  each 


9portionA3 


the  concentretlon.  NakeyaBa  at  have  detemined  In  their 

Aegar  apectroenopic  study  of  cu  - Ml  alloys  that  this  is,  indeed. 


was  aao^ling  the  underlying  alloy  substrate  betauee  the  film  was  very  thin. 


pftak-to-p«ak  hAi^ht  to  that  of  oiekol  (fiq.  32) . The  figure  coheres 


figure  {daehed  Line)  lo  the  Cu/Ni  eoopoaition  ratio  oaieulated  froo 


ion  energy.  They  found  that  at  all  boobarding  energies,  Ni  beeoDas 


reported  copper  sputtering  yielc 


' Blectrochsnic&l  (amdicl 


raeipiutlcn  ot  & copper  cce^omi 


ttlon-precipltaticn  podel 


on  a aani'lo^arithadc  acala  in  ordar  to  aocoaBDOdata  the  lar9i  variation 
in  the  nagnitude  of  the  current  denaitlee  (0.01  uV=b*  to  432  ui/on^l . A 


to  the  non-linear  behavior  in  the  low  over  potential  region.  Above 
+50  bV  the  curve  deviatea  freoi  linearity  and  tenda  toward  a liaiitlng 


ELECTRODE  POrENTIAl.rrA^  ^AfTAfO] 


• 5BV/RSC,  w . 1600X5®. 


Cu  (Bob»1)  * Ci"  - OKI  ♦ e 123! 

Cua  * Cl'  * CuCl"  !241 


Operation  of  ■ 


1301 


!Cu*M.1  tCl'l^  - i.56  * lo'®  1311 


1271 


slble  reection  considerAd  iE  thd  oxldEtlcn  of  Cu  aq. 
. aoluUan  to  Ca(II)  ions.  This  csseeion  is  doubtful 


e li^rtantly.  data  in  rig. 


greataat  probabUity  of  giving  rlsa  to  the  Co(ll)  e 


applla 


iLECrnODE  KOTENtlAL,  mVIAf/AfCI) 


'0  elactEod«  potential.  Deaerated  in 
0.5M  sacl  aolntlon,  pH  8.2  at  298K  (2S°C). 


Curve  Ic)  {Fig.  wa£  c3bt&ined  with  the  collectoi  electrode 


ee  a function  of  applied  potentiale 


plotted 


Ideaencedl  ■olutionr’p)!  8.2  at  298K  (25°C). 
S • SaV/saa.,  v • ISOOrpa. 


Fl9ur«  39.  NOTOiliied  total  ooppar  ourtent  density  as  a 
function  of  Monel-SOO  applied  potential. 
Deaeiated  a.SH  Rad,  pH  8.1,  at  198K  (3S°C) , 
8 ■ Sov/eec.,  w ■ 16Q0tp». 


I (101  end  (301  1 


t34] 


place. 


Ihs  normUized  peak  oizrant  ploccad  fsc  Cu(II)  (Flp.  43) , reveal 


the  high 


Pig. 


(25®C) 


- SkV/kc..  V • UCOipn. 


S ■ 5BiV/aec, , w » 1600rpn. 


is  plotted  in  Fig-  4d  to  show  ehs  affect  of  chlocida  Ion  concontsaeion 
on  the  distribution  of  these  epeoiee.  The  only  concanctacion  that  showe 


Lo9@ElUlEBicr  plot  of  Hi 


alloy  in  doaeratod 
ea.  s > 59V/sac., 


Xrzheniw  plot  of  Honol-400  alloy  current  io  deaerated 
d.lH  Naclr  pR  R.2.  S ■ OsiV/aec.,  w ■ IdODrpv. 


Monel-400  alloy 


Figure  32  ehowa  a correeponding  Arrheniua  ploc  for  a ring  currant 
obtained  at  uv.  The  elope  of  the  curve  ia  -2.24.  The  valoa  of 


at  the  high  over-potential  region  where  oxygen  appeare  to  have  no 
influence.  Thie  caeta  doubta  on  the  role  of  oxygen  in  the  pitting 


and  air-utucated  0.5H  Nacl  r pK 
S - SiBV/sec.,  w - leoorpdi. 


«lectrods  pcstsnCial  in  air-saturat«d  0.5N 
298K  (2590.  S - SmV/MC.,  w - UOOrpn. 


line  falls  in  che  potential  tegion  where  ouprlc  ion  la  d^iinant.  If 
Tafel  elope  Is  any  use  on  ita  own  (without  knowledge  of  transfer  coefficient 


electrode  potentiel  in 
, eC  verloes  electrode 


lO  slloy  eurf«t:e 


exposed  to  air-setureted  D.Sn  Nacl,  pH  8.2,  at  2H8K  <25^}  t 


Figure  67b.  Scanning  aleetron  nvlerograpb  of  a cottodad 

Monel-4&0  alloy  aaaiplc  eapoaed  co  alr-aacuratad 

at  OV  (Ag/Agcll-  Micrograph  obcainad  after 
washing  the  sample. 


Figure  68a  waa  obtained  before  washing.  The  t^ite  residue  described  in 
Pig.  6'7a  can  be  seen  here  to  have  etar-lUce  crystal  structure,  obese 


The  pit  mozphology  can  be  clearly  seen  in  the  high  magnification  micro- 
graphs. obey  are  not  the  shallow  type  of  pits.  Wie  micrographs  of  the 


crystallographically  as  depicted  by 


analysie  of  the  white  crystals  has  shown  chat  they  contain  large  asounts 
of  sodium  and  chloride,  confirming  the  earlier  speculation  that  they 


probably  came  from  the  underlying  crystals. 

Figure  71  showe  the  spectrum  obtained  from  the  inner  corrosion 


hi9h«r  cna^nific 


The  pit  eiorpholopy  o»n  be  alearly  ieen  in  the  hl9h  aa^nifleatlon  mlcro- 


Thle  ie  the  enly  technique  able  to  show  the  pteeence  o£  Fe  enO  Hn. 

9ie  dendjdte  struetuees  found  on  some  parts  of  the  aasgsle  surface  (see 


crystals  arc  NaCl  crystals. 


B.^t  fer  24  hours  it  ov  CIl9/AgCl). 


c»«. 


cofToded  Monel-4 


that  dorih? 


poUrlxed  lor  24  hou»  In  the  aii-satniated  eolution.  This  pn^ably  is 


fgroks  of  pie  9orpholo9y  found  on  Monel -400  alloy. 


UOQ  Of  oxygen  should  not  osusb  sny  oignlfioant  change  in  pH.  Oxygen 
2.  Pitting  corroelon  of  Honel-400  alloy  aiay  be  controlled  by  pre- 


‘an&poK  dep«ndenc  iA 


ipArlson  of  doto  ofatainod  ij 


OUiPTES  VI 

DECCMHEMDATIOIJS  FOR  FURnSR  STUDIES 


nDcpholcjy  la  ueooiatad  with  fluid  flow  cmditloni.  It  is  rstonnendsd 


lly 


shown  that  in  the  same  concentration  present  in  HoneX-400  alloy,  iron 
is  very  beneficial  to  the  corrosion  reelatanca  of  copper  base  Cu-Nl  alloys. 
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APPENDICES 


tallographig  analysis  \ 


cn?oloi:h  through  6vn,  lun  ar 


Fig.  74.  Accordijig  tc  eh4  phase  diagraai  (top  of  fig.  75)  the  alley  la 


sihgla-phaae . But  a more  recent  diagram  (bottom  of  Fig,  75)  shews  a 
niacibility  gap  below  595  K (322*0.  The  area  of  the  diagram  w)iere  the 


coapositiOD  of  copper  and  nic)tel 


of  a oiaclbllity  gap  in  Cu-Ni  syateme.^^®  Whether  the  coeiposition 


(207), 


polishing  is  shewn  in  Fig.  76.  Ths  polishing  iechniqus  invoivad 

rotating  the  electrode  (moonted  on  the  rotating  spindle)  while  polishing 


Figure  76.  Schanetlc  drawing  of  the  Bectloned  polished  jig. 


ELECTRCCKENICUl 


[entify  thoee  ccnuponertte 


Plq. 


■tf" 


Figure 


the  wotlcih9  electrode  coinparttient  was  available.  This  facility  was, 


allowlhq 


0 PK£P«aATION 


necessary  to  enable  continual  adjuaement  of  pH.  The  solutions  were 
not  buffered  end  their  pK  changed  with  time.  In  all  cases,  the 


epurified 


APPENDIX  S 

X-RAY  PHOTOELECTSOH  SPECTROSCOPY 


AMlysH 


MMiysls, 


analytis 


principle  of  ooiaervaclon  of  energy,  the  Xinetic  energy,  K.E.,  of  the 
electron  pin*  the  energy  needed  to  tenove  It  from  It*  ground  stete  in 
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